Centrioles are duplicated during S-phase to generate the two centrosomes that serve as mitotic spindle poles during mitosis. the centrosomal pool of the Mps1 kinase is important for centriole assembly, but how Mps1 is delivered to centrosomes is unknown. Here we have identified a centrosome localization domain within Mps1 and identified the mitochondrial porin VDAC3 as a protein that binds to this region of Mps1. Moreover, we show that VDAC3 is present at the mother centriole and modulates centriole assembly by recruiting Mps1 to centrosomes. In this study, we have characterized a centrosome localization domain (CLD) in Mps1 and using yeast two-hybrid identified voltage dependent anion channel 3 (VDAC3) as a CLD-binding protein. VDAC3 belongs to the mitochondrial porins, but while it shares 60-70% sequence identity with VDAC1 and VDAC2, which regulate mitochondrial energetics, 17,18 the mitochondrial function of VDAC3 is not clear. Moreover, VDAC3 has been found at the non-membranous sperm outer dense fiber, where the maternal centriole protein ODF2 was first identified. 19, 20 We show here that in addition to interacting with Mps1 in vitro and in vivo, VDAC3 is also a centrosomal protein of the maternal centriole that regulates centriole assembly by recruiting Mps1 to the centrosome.
Introduction
Centrosomes consist of a pair of centrioles that must be precisely duplicated during S-phase to ensure bipolar spindle assembly and maintenance of genomic integrity in the progeny. 1 Of the two centrioles, the "mother" is at least one cell cycle older than the other, its daughter, and is distinguishable by the presence of appendages. 2 Around the G 1 /S transition, each centriole assembles a procentriole at its proximal end that gradually elongates to form a mature centriole by mitosis. 3 At the base of each procentriole, Sas6 forms the central hub of a "cartwheel" that establishes the 9-fold symmetry of the centriole 4, 5 and behaves as the scaffold onto which other centriolar proteins are assembled during centriole assembly. 3, 6 During quiescence, the mother centriole is converted to a basal body to organize a primary cilium that is resorbed during cell cycle re-entry. 7 The Mps1 protein kinase is essential for the spindle assembly checkpoint 8 and modulates centriole assembly in vertebrates. [9] [10] [11] [12] [13] While recent studies suggest Mps1 may be dispensable for centriole assembly, 6 Mps1 is nonetheless an important regulator of centriole assembly. Mps1 phosphorylates Cetn2 and is required for its recruitment to procentrioles. 11 Moreover, increasing the level of Mps1 at centrosomes causes centriole over-duplication in every human cell type thus far tested. 10, [12] [13] [14] [15] Because extra centrosomes are implicated in tumorigenesis, 1, [14] [15] [16] this makes it important to understand the mechanisms that regulate centrosomal Mps1, even if centrioles can be built in its absence. However, while centrosomal Mps1 levels are fine-tuned by proteasome-mediated degradation, 10, 12 the mechanisms that target Mps1 to centrosomes are not known.
In this study, we have characterized a centrosome localization domain (CLD) in Mps1 and using yeast two-hybrid identified voltage dependent anion channel 3 (VDAC3) as a CLD-binding protein. VDAC3 belongs to the mitochondrial porins, but while it shares 60-70% sequence identity with VDAC1 and VDAC2, which regulate mitochondrial energetics, 17, 18 the mitochondrial function of VDAC3 is not clear. Moreover, VDAC3 has been found at the non-membranous sperm outer dense fiber, where the maternal centriole protein ODF2 was first identified. 19, 20 We show here that in addition to interacting with Mps1 in vitro and in vivo, VDAC3 is also a centrosomal protein of the maternal centriole that regulates centriole assembly by recruiting Mps1 to the centrosome.
Results

Mps1 physically interacts with VDAC3.
Consistent with its key roles in spindle assembly checkpoint and centrosome assembly, Mps1 is found at kinetochores in mitosis and centrosomes at all points in the cell cycle. 9, 21 We noticed that Mps1 residues 52-180 are highly conserved among vertebrates (Fig. 1A) , and reasoning that Mps1 must contain a centrosomal targeting motif, wondered if this region might serve to target Mps1 to the centrosome. We found that Mps1 53-175 directs GFP to centrosomes in roughly 30% of HeLa (Fig. 1B) , RPE1 ( Fig. S2D ) and NIH3T3 cells (data not shown), while GFP alone was only rarely found at centrosomes in endogenous VDAC3, a small fraction of Mps1 co-immunoprecipitates with GFP-VDAC3 from the microsomal fraction, which was depleted of mitochondria but contained both γ-tubulin and Mps1 ( Fig. 1E and F) . Notably, this co-immunoprecipitation was not seen in the mitochondrial fraction (Fig. 1F) , demonstrating that it is a non-mitochondrial pool of GFP-VDAC3 that interacts with Mps1. Mps1 also interacts with endogenous VDAC3, as a fraction of VDAC3 co-immunoprecipitates with Mps1 (Fig. 1G) . We assume that the interacting species is VDAC3b based on its size, but note that it migrated slightly more slowly than VDAC3b from the input. This could be due to the sample handling required to minimize interference from IgG light chain (caret in Fig. 1G ), but it is also possible that Mps1 preferentially interacts with a modified form of VDAC3. Because VDAC3 is close in size to both IgG light chain and Protein G (Fig. 1F) , and because the VDAC3 antibody did not work for immunoprecipitation, we did not pursue further co-immunoprecipitation studies. Regardless, these observations support the existence of both soluble and mitochondrial pools of VDAC3, and show that VDAC3 co-fractionates with centrosomes and physically interacts with Mps1.
VDAC3 localizes to centrosomes. If the VDAC3-Mps1 interaction described above is relevant to the centrosomal pool of Mps1, VDAC3 should be present at centrosomes in addition to its well-known mitochondrial localization. Accordingly, we next sought to characterize the subcellular localization of VDAC3. Consistent with our subcellular fractionation data, we found that GFP-VDAC3 was both diffusely cytosolic and found in punctate structures that co-localized with mitochondria in human cells including HeLa and RPE1 cells ( Fig. 2A and B) . We also found that GFP-VDAC3 was localized to centrosomes, as judged by its co-localization with γ-tubulin in 30-35% and 45-50% of asynchronously growing and S-phase arrested HeLa cells, respectively, and roughly 60% of asynchronous RPE1 cells ( Fig. 2A  and B) . This centrosomal localization is not due to GFP at its N terminus, as DsRed-VDAC3 (Fig. S2A) , and C-terminally tagged VDAC3-GFP (data not shown) showed similar localization. A 1 h treatment with FCCP, an uncoupler of oxidative phosphorylation that depolarizes the mitochondrial membrane and abolishes the microtubular network (see below and ref. 27 ), had no effect on centrosomal GFP-VDAC3, despite diminishing both cytosolic and mitochondrially localized GFP-VDAC3 as well as Mitotracker labeling (Fig. 2B) .
The VDAC3 antibodies described above only weakly stained mitochondria (Fig. 2C) but stained centrosomes comparatively strongly in RPE1 (Figs. 2C-F and 3B ) and HeLa cells (Fig. S2B) . This centrosomal signal was blocked by pre-incubation of the antibodies with recombinant VDAC3 (Fig. S2B) and, thus, was not background staining. Though less apparent in HeLa cells, centrosomal VDAC3 was always more strongly associated with one of the two centrosomes ( Fig. 2D-E; Fig. 2F , DMSO panel; Fig. S2C ), and in roughly 70% of RPE1 cells, the bulk of VDAC3 lay within the region defined by Cep170 ( Fig. 2E; Fig. S3A ), a centriolar appendage marker. 28 These observations suggest the presence of a centrosomal pool of VDAC3 that is preferentially associated with the maternal centriole. We attempted to verify To identify proteins that bind to the CLD, we screened a human cDNA library against the CLD by yeast two-hybrid (see Materials and Methods). One positive clone contained the 3'-region of VDAC3. This appeared to reflect a true physical interaction, because recombinant GST-CLD binds to GFP-VDAC3 expressed in HEK293 cells but not to GFP alone (Fig. S1A) . Conversely, recombinant MBP-VDAC3 binds to endogenous Mps1 from cell lysates (Fig. S1B) . While VDAC1 and VDAC2 control bioenergetics and mitochondrial-mediated apoptosis, 23 the mitochondrial function of VDAC3 is unclear. 24 Additionally, both VDAC2 and VDAC3 were identified in the sperm outer dense fiber, 19 a non-membranous structure associated with the sperm flagella where the maternal centriole protein ODF2 was first found, 20 and the fly porin was identified in a proteomic study of Drosophila centrosomes, 25 encouraging us to pursue the interaction between Mps1 and VDAC3.
In this study, we used two commercially available antibodies directed against overlapping peptides derived from the VDAC3 N terminus. These antibodies behaved identically in all assays described herein, and for convenience we refer to them as a single antibody that recognizes the N terminus of VDAC3 (Fig. S1C ) and does not significantly cross react with VDAC1 or VDAC2 (Fig. S1D) . Interestingly, in addition to the expected band at 30 kDa (hereafter VDAC3a), we observed a stronger band of 24 kDa (hereafter VDAC3b) from the lysates of various human cells, including HeLa (Figs. 1C and D and 5F ), RPE1 (Figs. 1G and 3D), HEK 293 and U2OS (data not shown). An alternatively spliced VDAC3 message containing a single extra ATG ( 118 ATG) that creates a putative alternative translational start site for a protein with the approximate size of VDAC3b has been described. 26 However, we were able to detect only a very small amount of this message in RPE1 cells, where the most abundant VDAC3 message lacks 118 ATG (Fig. S1E) . Moreover, an antibody against GFP detects two species in lysates from cells transfected with a GFP-VDAC3 cDNA, one at the predicted size and a second at ~30 KDa that is consistent with the size of GFP plus a portion of the VDAC3 N terminus ( Fig. S1F and G) . Because the smaller form includes GFP, it cannot be derived from a translational start site within the VDAC3 coding sequence. The proteasome inhibitor MG115 does not alter the abundance of the smaller form (Fig. S1F) , suggesting that it is not a degradation product and both GFP-positive species were downregulated (Fig. S1G) by a VDAC3-specific siRNA (see below). Although elucidation of the precise mechanism for the presence of two VDAC3 isoforms is beyond the scope of this study, these observations suggest that VDAC3a and VDAC3b are derived from the same message, and that VDAC3b arises through a posttranslational mechanism.
After sucrose gradient centrifugation of cellular proteins, VDAC3a co-fractionated with the mitochondrial marker COX IV, whereas VDAC3b was found in high-density fractions that contained γ-tubulin and Mps1 (Fig. 1C) . Consistent with this observation, VDAC3a is predominantly present in the mitochondrial fraction after subcellular fractionation, while VDAC3b is absent from the mitochondrial fraction and is instead found in the cytosolic and microsomal fractions (Fig. 1D) . Although the VDAC3 antibody could not successfully immunoprecipitate compared with 27 ± 3% in DMSO-treated cells, supporting the suggestion that centrosomal VDAC3 levels affect the recruitment of Mps1 to centrosomes. These observations suggest that like that of Mps1, 12 the centrosomal pool of VDAC3 may be regulated by degradation, perhaps in a cell cycle-dependent manner.
VDAC3 recruits Mps1 to centrosomes. In order to test the hypothesis that VDAC3 recruits Mps1 to centrosomes, we examined centrosomal Mps1 after the siRNA-mediated depletion of VDAC3. While the Mps1 antibody used here stains both centrosomes in HeLa cells, 10 in RPE1 cells it almost exclusively stained the Ninein-positive centrosome (Fig. 3A) where it overlapped significantly with VDAC3 (Fig. 3B) , suggesting that in RPE1 cells, Mps1 predominantly localizes to the maternal centriole. Compared with a control siRNA (siCon), a VDAC3-specific siRNA (siVDAC3-1) reduced the VDAC3 transcript by 70-75% (Fig. 3C) . It also reduced VDAC3 protein levels by 65-70% (VDAC3b) and 30-35% (VDAC3a) (Fig. 3D) and exogenously expressed GFP-VDAC3 by 70% (Fig. S1G ) compared with control cells. Interestingly, centrosomal VDAC3 was not completely lost in siVDAC3 cells, although its intensity was diminished, and its distribution was significantly altered; VDAC3 remained at this ultrastructurally, but the VDAC3 antibody failed to generate a signal in immuno-EM, either at mitochondria or centrioles.
The accumulation of VDAC3 at centrosomes varies with the cell cycle. GFP-VDAC3 was found to be centrosomal in roughly 20% of cells with a single centrosome that were presumably in G 1 ; 60% of cells with two closely spaced centrosomes that were presumably in S-phase; and 20% of cells with two separated centrosomes that were presumably in G 2 or mitosis. The intensity of endogenous VDAC3 also varies through the cell cycle, with the maximum level of centrosomal VDAC3 present during S-phase (as identified by two closely spaced centrosomes) and a substantial reduction in the level during mitosis (Fig. S2C) . Interestingly, DsRed-VDAC3 was intensely centrosomal in ~99% of cells after a 4 h treatment with MG115, which had no effect on DsRed alone or the whole-cell level of DsRed-VDAC3 (Fig. S2A) . The centrosomal signal for endogenous VDAC3 was similarly increased in intensity upon MG115 treatment and was also expanded in extent, being distributed over both the centrosomes, as compared with DMSO-treated cells (Fig. 2F) . In parallel with these changes in VDAC3, MG115 increased the percentage of cells in which GFP-CLD accumulated at centrosomes to 63 ± 5%, as of centrosomal staining when the antibody is pre-incubated with recombinant VDAC3 (Fig. S2B) , and might reflect VDAC3a, which was less well depleted than VDAC3b. While it is formally possible that the VDAC3 antibody cross reacts with another centriolar protein, we consider this possibility unlikely, because the putative cross-reactive protein would have to show cell cycleand proteasome-dependence similar to that of GFP-VDAC3 and depend on VDAC3 for its centrosomal accumulation. daughter centrioles, but was lost from the maternal centriole/basal body ( Fig. 3E ) and was found on the periphery of the Cep170 signal ( Fig. 3F; Fig. S3A ). This change in centriolar VDAC3 staining is consistent with the level of depletion we achieved, and there are several examples of centriolar proteins that are not completely depleted from centrioles by siRNA, including POC5, 29 
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30 and Cetn2. 31 This residual VDAC3 staining in siV-DAC3 cells is not background staining based on the complete loss all BrdU-positive siVDAC3 and siMps1 cells had two Sas6 foci, demonstrating that there is no delay in the initiation of centriole assembly upon S-phase entry in siVDAC3 cells. Therefore, because we limited our analysis to S-phase cells, all of which had initiated centriole assembly, it is unlikely that the defects we observed in incorporation of Cetn2 and CP110 into centrioles are secondary to any cell cycle defect. Consistent with our observations in asynchronous cells, siVDAC3 caused a 3-fold reduction in the percentage of cells with more than two Cetn2 foci in hydroxyurea (HU)-arrested cells expressing GFP (Fig. S5A  and B) . However, expression of GFP-sirVDAC3 restored centriolar incorporation of Cetn2 in HU-arrested siVDAC3 cells to levels comparable to that seen in siCon cells (Fig. S5A and B) . Because cells that had not entered the cell cycle would not have replicated their centrioles, this demonstrates that both the centriole assembly defect and the cell cycle defect are specific to the depletion of VDAC3.
If the effect of VDAC3 depletion on centriole assembly were an indirect effect of inhibiting a mitochondrial function of VDAC3, inhibiting mitochondrial VDAC3 or perturbing mitochondrial function in general should have the same effect. However, neither Erastin, an inhibitor of the mitochondrial function of VDAC3 and VDAC2, 32,33 nor FCCP altered the number of Cetn2 foci in BrdU-positive cells ( Fig. 4C and D) . Because the compounds had the expected effect on cell viability and microtubules ( Fig. S4C and D) , and because neither GFP-VDAC3 nor endogenous VDAC3 could be observed at mitochondria in FCCPtreated cells (see above), this suggests that the centriole assembly defects in siVDAC3 cells do not reflect inhibition of a mitochondrial function of VDAC3 or a general effect of mitochondrial dysfunction. In contrast, if the centriole assembly defect in siV-DAC3 cells is due to the failure to recruit Mps1 to centrosomes, it should be suppressed by tethering Mps1 to centrosomes independently of VDAC3, e.g., via the PACT domain. 12, 34 As with GFP alone, siVDAC3 caused a 3-fold reduction in the percentage of HU-arrested cells expressing GFP-PACT that had more than two Cetn2 foci ( Fig. 5A and B; Fig. S5C ). However, siVDAC3 did not cause any decrease in the percentage of cells with more than two Cetn2 foci in HU-arrested cells expressing GFP-Mps1-PACT ( Fig. 5A and B; Fig. S5C ), an exclusively centrosomal version of Mps1 that is functional in centriole assembly. 12 Interestingly, this observation demonstrates that GFP-Mps1-PACT also suppresses the cell cycle defect caused by siVDAC3, because cells that had not entered the cell cycle would not have replicated their centrioles, suggesting that the role of VDAC3, in both cell cycle and centriole assembly may be related to centrosomal Mps1. The observations that the centriole assembly defect in siVDAC3 cells is specific to the depletion of VDAC3, is not caused by the VDAC3-inhibitor Erastin, and can be suppressed by GFP-Mps1-PACT support the hypothesis that a centriolar pool of VDAC3 regulates centriole assembly by recruiting Mps1 to centrosomes.
Mps1-dependent centriole reduplication requires VDAC3. If VDAC3 recruits Mps1 to centrosomes, VDAC3 depletion should attenuate Mps1-dependent centriole over production. To test this, we utilized HeLa-GFP-Mps1 Δ12/13 cells. 14 In the presence of doxycycline (dox), these cells express low levels of While γ-tubulin staining at the centrosome was unaltered in siVDAC3 cells, centrosomal Mps1 was greatly reduced (Fig. 3G) .
To quantify this reduction, we modified our quantitative microscopy approach 10 to normalize the centrosomal Mps1 signal to that of γ-tubulin (see Materials and Methods). To rule out any effect of cell cycle position, we restricted our analysis to cells that were in S-phase as judged by incorporation of BrdU during a 4 h labeling and had two centrosomes as judged by γ-tubulin staining. The average normalized Mps1 signal at centrosomes was roughly 2.5-fold lower in BrdU-positive siVDAC3 cells compared with BrdU-positive siCon cells (Fig. 3G) . This decrease is not due to the previously described degradation of centrosomal Mps1, 12 because MG115 had no significant effect on centrosomal Mps1 in siVDAC3 cells, despite causing a 2-fold increase in siCon cells (Fig. 3G) . Unlike HeLa cells, 12 MG115 caused a 25-30% increase in whole-cell Mps1 in RPE1 cells (Fig. 3G) , suggesting that the recently described cytoplasmic degradation of Mps1 in telophase and G 1 15 is more robust in RPE1 cells. This increase was not seen in siVDAC3 cells, which likely reflects a cell cycle effect due to the large percentage of siVDAC3 cells that fail to incorporate BrdU (see below). Expression of a siRNAresistant version of VDAC3 (GFP-sirVDAC3) in siVDAC3 cells increased the centrosomal level of Mps1 compared with adjacent GFP-negative siVDAC3 cells (Fig. S3B) , demonstrating that the reduction of centrosomal Mps1 was specific to the depletion of VDAC3. A similar reduction in centrosomal Mps1 level was also seen in RPE1 cells treated with a second siRNA against VDAC3 (siVDAC3-2, Fig. S3C ), further suggesting that the phenotype is an effect of VDAC3 knockdown rather than a non-specific or off target effect of VDAC3 siRNA. Together, these results suggest that VDAC3, alone or in a complex, regulates the recruitment of Mps1 to centrosomes.
The failure to recruit Mps1 to centrosomes inhibits centriole assembly in siVDAC3 cells. If VDAC3 recruits Mps1 to centrosomes, VDAC3 depletion should attenuate centriole assembly in a manner similar to that of Mps1. To test this prediction, we examined centrioles in cells that had entered S-phase as judged by BrdU incorporation. Neither siVDAC3 nor an Mps1-siRNA (siMps1) prevented procentriole assembly, because all BrdUpositive siVDAC3 and siMps1 cells had two Sas6 foci (Fig. 4A) . However, both siVDAC3 and siMps1 prevented efficient incorporation of centriolar proteins into procentrioles, as judged by an elevated percentage of BrdU-positive cells with two foci of Cetn2 ( Fig. 4A and B) or CP110 ( Fig. S4A and B) after a 4 h BrdU pulse, with a larger effect on Cetn2. The percentage of cells with two Cetn2 or CP110 foci dropped after a 4 h chase ( Fig. 4B; Fig. S4B ), suggesting that in some cells, the incorporation of Cetn2 and CP110 was merely delayed, as we recently found in Cetn2-depleted HeLa cells. 11 However, the percentage of BrdU-positive cells with two Cetn2 foci remained at 45-50% even after the 4 h chase (Fig. 4B) , suggesting that many siV-DAC3 and siMps1 cells were unable to assemble complete centrioles. Interestingly, only ~10% of siVDAC3 or siMps1 cells incorporated BrdU during a 4 h pulse, compared with 40-45% of siCon cells. While the reason for this is unclear, it seems to be an effect on cell cycle entry rather than progression, because the PACT domain, Mps1 cannot suppress the effects of VDAC3 depletion.
Discussion
We have found that VDAC3 interacts with the centrosomal protein Mps1 and localizes to centrosomes, where it preferentially associates with the mother centriole. Consistent with the hypothesis that VDAC3 recruits Mps1 to centrosomes, Mps1 is lost from centrosomes in VDAC3-depleted cells. This loss cannot be reversed by proteasome inhibition, suggesting it reflects a failure to recruit Mps1 to centrosomes rather than a defect in stability at centrosomes. VDAC3-specific siRNAs cause a centriole assembly defect that is specific to the depletion of VDAC3, is similar to that in Mps1-depleted cells, is not due to inhibition of the mitochondrial function of VDAC3 and is bypassed by targeting Mps1 to centrosomes independently of VDAC3. Thus, our data GFP-Mps1 Δ12/13 , which drives centriole re-duplication because it cannot be properly degraded at centrosomes. 12, 14 In the presence of dox, a significant percentage of siCon cells had more than two foci of γ-tubulin or Sas6 or more than four foci of CP110 (Fig. 5C-E) . However, VDAC3 depletion markedly restricted this centriole reduplication (Fig. 5D-F) . The siVDAC3 and siCon cells had entered the cell cycle and were arrested in S-phase by HU, because they all had at least two Sas6 foci. Moreover, unlike RPE1 cells, siVDAC3 does not cause any apparent defect in cell cycle entry in HeLa cells. Therefore, the failure to undergo centriole re-duplication is not the consequence of a cell cycle delay. Because GFP-Mps1 Δ12/13 cannot be degraded at centrosomes, 12 this further supports the suggestion that Mps1 cannot bind to centrosomes in the absence of VDAC3. Indeed, it was difficult to detect GFP-Mps1 Δ12/13 in the vicinity of centrosomes in siVDAC3 cells (Fig. 5C) , although we did not quantify this effect. This observation also demonstrates that in the absence of VDAC1 auto inserts into artificial phospholipid bilayers to form a 19-stranded β barrel with a membrane-exposed face and an aqueous channel, 40, 41 and it is presumed this structure is representative of other VDACs. 24 Such amphipathic β sheets can exist in both soluble and membrane-bound conformations, 42 and indeed our data demonstrate the existence of a soluble pool of VDAC3b. This soluble pool of VDAC3b fractionates distinctly from mitochondria in sucrose gradients and, instead, co-fractionates with the high-density peak of γ-tubulin, which corresponds to the position of centrosomes. 43 VDAC3b is also found in a subcellular fraction that is depleted of mitochondria but contains the centrosomal proteins γ-tubulin and Mps1. Thus, we hypothesize that centrosomal VDAC3 adopts a conformation where its strongly suggest that a centrosomal pool of VDAC3 modulates centriole assembly by recruiting Mps1 to the centrosome.
Perhaps the association of a mitochondrial porin with centrosomes should not be surprising. Even though no membranes are thought to exist at centrosomes, both membrane and mitochondrial proteins have been found at centrosomes and basal bodies. [35] [36] [37] [38] Notably, Mps1 binds to mortalin, which localizes to centrosomes, activates Mps1 kinase activity and is required for the ability of Mps1 to accelerate centrosome re-duplication despite also localizing to mitochondria. 39 Moreover, VDAC2 and VDAC3 were found in the non-membranous sperm outer dense fiber 19 and, thus, are not obligate membrane proteins, and VDAC2 was recently found at the base of primary cilia. our data demonstrate that VDAC3 is a novel centrosomal protein that recruits Mps1 to centrosomes to regulate centriole assembly. This raises many interesting questions, including how VDAC3 itself is targeted to centrosomes, the conformation of VDAC3 at centrosomes and whether other VDACs have similar centrosomal functions, which we look forward to addressing in future studies.
Materials and Methods
Plasmids. Previously described plasmids used for this study arepHF7 (pECE-GFP) and pHF252 (pECE-DsRed). 9, 10, 12 Plasmids created for this study are as follows: yeast two-hybrid bait plasmid pHF269 (Gal4BD-Mps1 53-175 ); bacterial expression constructs in the pDEST17 vector (Invitrogen), pHF270 (6xHis-VDAC1), pHF271 (6xHis-VDAC2), pHF272 (6xHis-VDAC3); in the pKM596 vector (Addgene), pHF273 (MBP-VDAC3); in the pGex6P-1 vector (GE Healthcare), pHF274 (GST-VDAC ), pHF275 (GST-VDAC ), pHF276 (GST-VDAC 3181-283 ), pHF277 (GST-Mps 150-175 ); mammalian expression constructs in the pECE vector, pHF278 (GFP-Mps 153-175 ), pHF279 (GFP-VDAC3), pHF280 (VDAC3-GFP), pHF281 (GFP-VDAC3-PACT), pHF282 (DsRed-VDAC3), pHF283 (GFP-sirVDAC3), pHF284 (GFP-PACT) and pHF285 (GFP-Mps1-PACT). These plasmids were created as follows: to create the yeast two-hybrid bait plasmid pHF269, a PCR product corresponding to Mps1 amino acids 53-175 was cloned into pENTR-3C and transferred into pDest-32 using the Gateway ® Recombination system (Invitrogen). In order to create 6his-and MBP-tagged constructs the VDAC1, VDAC2 and VDAC3 open reading frames were amplified by PCR from human MGC-verified cDNA clones obtained from Open Biosystems, cloned into the pENTR/D/ SD/TOPO entry vector (Invitrogen) and transferred into pDEST17 and pKM596 using the Gateway ® Recombination system (Invitrogen) to generate pHF270, pHF271, pHF272 and pHF273, respectively. In order to construct GST-tagged constructs pHF274, pHF275, pHF276 and pHF277, the corresponding DNA fragments were PCR-amplified from the entry clone and ligated into pGex6p-1. The vectors pMAL-c2X (New England Biolabs) and pGex6P-1 were used to express MBP and GST alone in bacteria. GFP-tagged mammalian expression constructs pHF278 (GFP-Mps 153-175 ), pHF279 (GFP-VDAC3), pHF280 (VDAC3-GFP), pHF281 (GFP-VDAC3-PACT) and pHF282 (DsRed-VDAC3) were created using PCR to flank open-reading frames from the entry clones with KpnI and XbaI for cloning into pHF7, pHF148 and pHF252. The siRNA-resistant VDAC3 expression construct pHF283 (GFP-sirVDAC3) was created by site-directed mutagenesis of pHF276, using the QuikChange XL site-directed mutagenesis kit (Stratagene). pHF284 and pHF285 were created by inserting a 492 bp DNA fragment encoding the β globin intron downstream of the SV40 promoter in pHF148 (GFP-PACT) and pHF142 (GFP-Mps1-PACT). The sequences of PCR primers are available upon request. The identity of all constructs was verified by sequence analysis.
Cell culture. HEK293, HeLa S3, U2OS and NIH3T3 cells were cultured in DMEM and hTERT-RPE1 cells in DME/F-12 hydrophobic surfaces are either buried or associated with hydrophobic surfaces of other centrosomal proteins.
Interestingly, we have also documented the presence of multiple isoforms of VDAC3. Our in vitro binding and co-immunoprecipitation data demonstrate that Mps1 can interact with full-length VDAC3 (e.g., MBP-VDAC3 binds to endogenous Mps1 and Mps1 co-immunoprecipitates with full-length GFP-VDAC3), but only VDAC3b co-immunoprecipitates with Mps1. Our data similarly show that neither the solubility, nor the centrosome localization of VDAC3, is unique to VDAC3b because full-length GFP-VDAC3 is present in the cytoplasmic fraction and VDAC3-GFP localizes to centrosomes. Therefore, we hypothesize that while Mps1 can interact with either form of VDAC3, it only interacts with VDAC3b in vivo, because that is the predominant form of endogenous VDAC3 present at centrosomes. Our study opens several interesting questions regarding the nature of VDAC3b, the VDAC3 isoform that co-fractionates with centrosomes. While it was ultimately concluded that the 118ATG VDAC3 message does not produce a truncated protein, 44 that conclusion was based on analysis of mitochondria, and our observation that VDAC3b is not mitochondrial might suggest the need to reconsider that conclusion. However, we have made two observations suggesting that the 118 ATG message does not account for VDAC3b; the level of the 118 ATG message in RPE1 cells is too low to account for the more abundant VDAC3b, and a GFP-VDAC3 cDNA generates a truncated GFP-positive product that could not have arisen from translational initiation within VDAC3. Together, these observations suggest that VDAC3b arises through posttranslational modification of a protein translated from the VDAC3 message, presumably VDAC3a. How VDAC3 gets to centrosomes, and what structure it adopts there, are also intriguing. However, these exciting questions are beyond the scope of this current study.
Our data demonstrate that depletion of VDAC3 leads to a defect in cell cycle entry. However, because we limited our analysis of asynchronous cells to those that had entered the cell cycle and initiated centriole assembly, the defects we observed in centriole assembly are not caused by this cell cycle entry defect. Interestingly, depletion of Mps1 caused a similar cell cycle defect, and tethering Mps1 to centrosomes via the PACT domain suppressed both the centriole assembly and cell cycle defects of siV-DAC3. This suggests that the cell cycle defect in siVDAC3 cells may be related to centrosomal Mps1. Because we did not observe this cell cycle defect in HeLa cells, it is likely that it reflects the ability of RPE1 cells to enter G 0 . However, the reasons that cells with depleted centrosomal Mps1 might fail to enter the cell cycle are not yet clear. Depletion of several centrosomal proteins has been shown to lead to cell cycle arrest. 45 While this was initially interpreted as a requirement for an intact centrosome in cell cycle progression, it has more recently been suggested that this arrest reflects a p38-dependent stress response. 45 Although Mps1 may be dispensable for the canonical centriole duplication cycle, it plays an important role in recruiting Cetn2 during centriole maturation, and increasing the centrosomal Mps1 pool causes centriole reduplication. We have shown here that both functions of Mps1 require VDAC3. Taken together, anti-rabbit, donkey anti-mouse, or donkey anti-rat conjugated to Alexa 350 (1:200), Alexa 488 (1:1,000), Alexa 594 (1:1000), or Alexa 750 (1:200) (all from Invitrogen), and DNA was stained with Hoechst 33342 (Sigma). Cells were fixed with either PBS containing 4% formaldehyde (Ted Pella) and 0.2% Triton X-100 for 10 min at room temperature, or in methanol at -20°C for 10 min. For visualizing mitochondria, cells were incubated with 100 μM MitotrackerRed (Invitrogen) for 1 h prior to fixation in formaldehyde. For visualizing BrdU, cells fixed in methanol were stained with primary and secondary antibodies to cellular antigens, fixed again in methanol, treated with 2 N HCl for 30 min at room temperature, followed by staining with anti-BrdU antibody. 46 The centrosomal level of Mps1 was measured as a ratio of the integrated signal of Mps1 in the vicinity of centrosomes to that of centrosomal γ-tubulin using a local background correction method based on our earlier quantitative IIF technique. 10 Briefly, fixed cells on coverslips were immunostained for Mps1 and γ-tubulin and then imaged under identical conditions. After no neighbors deconvolution of the projection of image stacks along the Z-axis, background-corrected fluorescence intensity of the Mps1 (F Mps1 ) and γ-tubulin (F γ-tub ) signals at the two closely spaced centrosomes of BrdU-positive cells were calculated from the integrated fluorescence intensities of each fluorophore in a small square box (F S ) surrounding each centrosome, that of a larger square box (F L ) surrounding the small box and the area of each square box (A S and A L ), using the formula described by Howell et al. 47 ;
The ratio F Mps1 /F γ-tub was determined for 25 cells for each sample. All images were acquired at ambient temperature using an Olympus IX-81 microscope, with a 63X or 100X Plan Apo oil immersion objective (1.4 numerical aperture) and a QCAM Retiga Exi FAST 1394 camera, and analyzed using the Slidebook software package (Intelligent Imaging Innovations).
Immunoprecipitation and immunoblotting. Cells were lysed in either HeLa lysis buffer (50 mM TRIS-HCl pH 8.0, 150 mM NaCl and 1% NP-40) or RIPA buffer (50 mM TRISHCl pH 8.0, 150 mM NaCl and 1% TritonX-100, 0.25% Na-Deoxycholate, 0.1% SDS). For immunoprecipitation experiments, 1 μg antibody [3E6 mouse anti GFP (Invitrogen) or C-19 rabbit anti-Mps1 (Santa Cruz Biotechnology)] coupled to Dynabeads ProteinG (Invitrogen) was incubated with the cellular extracts that had been pre-cleared by incubating with Dynabeads ProteinG alone (PC). After 4 h incubation with the cellular extracts, antibody-coupled beads were washed and the immunoprecipitated complex (IP) was extracted in SDS-PAGE sample buffer (under reducing condition unless specified) for immunoblotting. Since the visualization of VDAC3 bands in the immunoprecipitates of rabbit anti-Mps1 antibody were difficult in presence of IgG light chains and ProteinG molecules, the IP and PC were eluted in 100 mM Glycine-HCl, pH 2.3 (to avoid the extraction of ProteinG) followed by precipitation using trichloroacetic acid (TCA) and re-solubilized in sample buffer without reducing agent (to avoid the dissociation of IgG chains). However, visualization of both VDAC3a and Mps1 required the reducing condition (addition of DTT), whereas the detection of VDAC3b was largely unaffected under non-reducing condition.
TritonX-100, 1 mM PMSF) or MBP-lysis buffer (20 mM Tris-Cl, pH 7.4, 200 mM NaCl, 1 mM EDTA supplemented with 1 mM DTT, 1 mM PMSF) followed by centrifugation at 15,000 × g for 30 min and purification by respective affinity chromatography. After extensive washing with a buffer containing 200 mM NaCl, purified protein bound-beads were stored in storage buffer (50 mM Tris-Cl, pH 7.4, 25% glycerol, 5 mM MgCl 2 ) at -80°C.
Pull-down assays. Cell lysates were pre-cleared on the corresponding beads (either glutathione Sepharose or amylose) before being incubated with equilibrated bait protein-bound beads, for 4 h at 4°C. After washing the beads using HeLa lysis buffer, the proteins bound with the beads were extracted with 2X SDS-PAGE sample buffer.
Yeast two-hybrid assay. pHF282 was transformed into the Saccharomyces cerevisiae reporter strain Mav203 and the premade human cDNA library in pPC86 (Invitrogen) was screened against the CLD as instructed by the ProQuest TM two-hybrid system with Gateway TM Technology (Invitrogen). Over 1,000,000 transformants were screened to obtain 1,800 colonies that grew in the absence of His, Leu and Trp. Further screening in presence of 25 mM 3-Amino-1,2,4-triazole (3-AT) resulted 120 colonies, 62 of which also grew in the absence of uracil. Finally, four of these transformants were strongly positive for the lacZ reporter in a β-galactosidase activity assay. Plasmids from these positive clones were extracted and sequenced to identify the corresponding gene using BLAST in the NCBI database.
Protein alignments. Vertebrate Mps1 sequences were obtained from GenBank using NCBI (www.ncbi.nlm.nih.gov/ protein). Regions corresponding to amino acids 52-180 were aligned using ClustalW (www.ebi.ac.uk/Tools/msa/clustalw2/) and color coded using BioEdit software (Ibis Biosciences).
Cell viability assay. 1X10 4 RPE1 cells growing in a 96-well plate were treated with either Erastin or for 16 h or FCCP for 4 h at the indicated final concentration. DMSO was used as the solvent control. Cell viability was determined on triplicate samples of each treatment group using the CellTiter-Glo luminescent cell viability assay (Promega), a luminescent assay for measuring cellular ATP.
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Supplemental Materials
Supplemental materials may be found here: www.landesbioscience.com/journals/cc/article/21927/ Antibodies for immunoblot analysis were: 1:1,000 C-19 rabbit anti-Mps1 (Santa Cruz Biotechnology), 1:1,000 MDS rabbit anti-Mps1, 10 1:2,000 rabbit anti-GFP (Sigma), 1:1,000 N1 mouse anti-Mps1 (Invitrogen), 1:20,000 DM1A mouse anti α-tubulin (Sigma), 1:1,000 rabbit anti-DsRed (Clonetech), 1:1,000 rabbit anti-VDAC3 (Aviva Systems Biology or Sigma), 1:20,000 mouse anti-GAPDH (Sigma), 1:1,000 rabbit anti-COX IV (Cell Signaling), 1:1,000 mouse anti-γ-tubulin (Sigma) and 1:500 rabbit anti-His (GenWay). Secondary antibodies (all used at 1:10,000 dilution) were Alexa680-conjugated donkey anti-mouse/rabbit (Invitrogen) and IRDye800-conjugated donkey anti-mouse/ rabbit (Rockland) for detection by Odyssey imaging system (LI-COR) or HRP-conjugated sheep anti-mouse IgG (GE Healthcare) for detection using SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific). The background-corrected intensities of the bands were calculated using Odyssey imaging system (LI-COR).
Cellular fractionation. HeLa or 293 cells were fractionated using Qproteome mitochondria isolation kit (Qiagen) according to the manufacturer's instructions. Briefly, cells incubated in a lysis buffer were centrifuged at 1,000 × g for 10 min to produce a supernatant containing cytosolic proteins (Cy). The pellet was resuspended in disruption buffer using needle and re-centrifuged at 1,000 × g for 10 min to generate a pellet-containing nuclei, cell debris and unlysed cells (referred to as N/u). The supernatant was centrifuged at 6,000 × g for 10 min to pellet mitochondria (Mt) leaving the microsomal fraction in the supernatant (Mi). Both pellets were re-extracted in HeLa lysis buffer.
The sucrose density gradient fractionation to enrich the centrosomal proteins was performed according to previously described protocols. 48, 49 Briefly, asynchronous population of HeLa cells (5 × 10 7 cells) were treated with 1 μM nocodazol and 1 μg/ml cytochalasin D for 1 h, harvested and lysed in a buffer containing 1 mM Tris-Cl, pH 7.4, 0.4 mM DTT, 0.5 mM MgCl 2 , 0.5% NP-40 for 5 min. The lysate was centrifuged at 2,500 × g for 10 min to remove nuclei and cell debris. The supernatant was adjusted to 10 mM PIPES (pH 7.2), treated with DNase I (2 units/mL) for for 30 min and then underlaid with a 60% sucrose solution in 10 mM PIPES, 0.4 mM DTT and 0.1% Triton X-100 to sediment the centrosomes into the sucrose cushion by centrifuging at 10,000 × g for 30 min. This crude centrosome preparation (~6 ml) was further fractionated by discontinuous sucrose gradient (2.25 mL of 70%, 1.35 mL of 50% and 1.35 mL of 40% sucrose in 10 mM PIPES, 0.4 mM DTT and 0.1% Triton X-100) ultracentrifugation at 120,000 × g for 1 h at 4°C. Fractions (500 μl) were collected from the bottom and supplemented with 10% glycerol. A protease inhibitor solution was present at all steps of both the fractionation that were performed on ice or at 4°C.
Protein expression and purification from bacteria. All fusion proteins were expressed in E. coli BL21 (DE3). For protein purification, cells carrying GST-or MBP-fusion constructs were induced at 18°C with 250 μM IPTG for 16 h, harvested and were lysed in either GST-lysis buffer (20 mM Tris-Cl, pH 7.4, 10 mM NaCl, 2 mM MgCl 2 supplemented with 2 mM DTT, 1%
